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Porcine hemagglutinating encephalomyelitis is an acute, highly contagious disease in piglets that is caused by the porcine hemagglutinating encephalomyelitis virus (PHEV). However, the pathogenesis of PHEV and the relationship between PHEV and the host cells are not fully understood. In this study, we investigated whether the PHEV-induced cytopathic effect (CPE) was caused by apoptosis. Replication of PHEV in a porcine kidney-derived cell line (PK-15 cells) caused an extensive CPE, leading to the destruction of the entire monolayer and the death of the infected cells. Staining with Hoechst 33,342 revealed morphological changes in the nuclei and chromatin fragmentation. In addition, PHEV caused DNA fragmentation detectable by agarose gel electrophoresis 48 h post-infection, increasing with the incubation time. The percentage of apoptotic cells increased with the incubation time and reached a maximum at 96 h post-infection, as determined using flow cytometry and fluorescence microscopy of cells that were stained with annexin V-FITC and propidium iodide (PI). Moreover, as is commonly observed for coronavirus infections of other animals, the activities of the effecter caspase, caspase-3, and the initiator caspases, caspase-8 and caspase-9, which are representative factors in the death receptor-mediated apoptotic pathway and the mitochondrial apoptotic pathway, respectively, were increased in PHEV-infected PK-15 cells. Moreover, the tripeptide pan-ICE (caspase) inhibitor Z-VAD-FMK blocked PHEV-induced apoptosis but did not have an effect on virus production by 96 h post-infection. These results suggested that PHEV induces apoptosis in PK-15 cells via a caspase-dependent pathway. Apoptotic death of infected cells is detrimental to animals because it causes cell and tissue destruction. Although the pathological characteristics of PHEV are largely unknown, apoptosis may be the pathological basis of the lesions resulting from PHEV infection.
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Porcine hemagglutinating encephalomyelitis virus (PHEV) is a positive, non-segmented, single-stranded RNA coronavirus belonging to betacoronavirus genus within the coronaviridae family, together with mouse hepatitis virus, bovine coronavirus, human coronavirus OC43, human coronavirus HKU1, human coronavirus EMC and severe acute respiratory syndrome coronavirus (Li et al., 2012; Masters, 2006; De Groot et al., 2012) . PHEV causes vomiting and wasting disease, and encephalomyelitis in piglets under three weeks old, particularly those lacking PHEV antibodies, such as SPF pigs (Quiroga et al., 2008) . Recently, more research has focused on PHEV because infection rates have risen in some countries (Cartwright et al., 1969; Gao et al., 2011; Mengeling and Cutlip, 1976; Quiroga et al., 2008; Rho et al., 2011) . This virus spreads to the CNS via peripheral nerves, and nerve cells are one target for viral replication (Hara et al., 2009 ). In addition, PHEV can be isolated from primary porcine kidney cell cultures (Hirano et al., 1993) . Serial propagation of PHEV is feasible in several porcine cell culture systems, e.g., primary pig testis cells, secondary pig thyroid cells as well as swine kidney and swine testis cell lines (Andries and Pensaert, 1980) . However, the mechanisms inducing death in PHEV-infected cells remains largely unknown.
Apoptosis is a tightly controlled multistep mechanism of cell death that is characterized by chromatin condensation, plasmamembrane blebbing, cell shrinkage, and DNA fragmentation into membrane-enclosed vesicles or apoptotic bodies (Arends and Wyllie, 1991) . The central players in apoptosis are a family of cysteine-dependent proteinases, termed caspases, which catalyze key steps in the death pathway by cleaving substrates at specific sites containing aspartic acid (Cryns and Yuan, 1998) . Viruses can trigger apoptosis of infected cells via a range of mechanisms including: receptor binding, activation of protein kinase R (PKR), interaction with p53, expression of viral proteins coupled to MHC proteins on the surface of the infected cell, allowing recognition by cells of the immune system (such as Natural Killer and cytotoxic T cells) that then induce the infected cell to undergo apoptosis (Everett and McFadden, 1999) . Apoptosis plays important roles in host protection by eliminating cells damaged by viral infections. Viruses may actively induce apoptosis, consequently facilitating the spread of viral progeny to neighboring cells while limiting host immune/inflammatory responses. However, viruses have evolved strategies to regulate apoptosis, either by blocking a specific step of the cascade or preventing premature death of the host cell, thus maximizing virus production (O'Brien, 1998) . Many viruses have the ability to induce apoptosis, which is one of the cytolytic properties of viral infections, and cause a cytopathic effect (CPE) in vitro; these effects are particularly observed in RNA viruses, including coronaviridae (Collins, 2001; Li and Cavanagh, 1992; Liu and Zhang, 2007; Ruggieri et al., 2007; Suzuki et al., 2008) . In addition, in some virus-induced diseases, apoptosis is a pathogenic mechanism that contributes to in vivo cell death, tissue injury and disease severity Samuel et al., 2007) .
In a preliminary investigation, cells of a porcine kidney-derived cell line (PK-15) that were infected with PHEV exhibited distinctive morphological changes and supported PHEV propagation (Lan et al., 2012a,b) . In this study, to elucidate the mechanisms of cell injury by PHEV, we investigated whether the PHEV-induced CPE on PK-15 cells was caused by apoptosis by using cytological changes, DNA fragmentation, and caspase activity as indices. The PHEV strain used in the current study was HEV-67N (Gen-Bank accession number AY078417) (Mengeling et al., 1972) . PK-15 cells [(cultured in MEM supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 g/ml of streptomycin and 100 U/ml of penicillin)] were seeded in 6-well plates and infected with 400 TCID 50 (10 4.49 ) of PHEV in a 5% CO 2 incubator at 37 • C overnight. Light microscopy of the PHEV-infected PK-15 cells showed that they gradually developed the typical CPE phenotype by 96 h postinfection, including cell rounding and fusion, detachment from the culture dish, and, eventually, cell lysis and death, which was not observed in the mock-infected cells (Lan et al., 2012a,b) (Fig. 1A) .
The adherent and non-adherent cells were both isolated, ethanolfixed and treated with 0.2 mg/ml of the membrane permeable DNA-binding dye Hoechst 33,342 for 10 min at 37 • C in dark. Almost all of the non-adherent cells and many of the adherent cells exhibited morphological changes of their nuclei and chromatin fragmentation at 96 h post-infection. However, very few mockinfected cells had detached from the monolayer, and their nuclei were uniformly stained, lacking condensed chromatin (Fig. 1B) . In addition, to ascertain whether the induction of apoptosis was correlated with the progression of the CPE, DNA fragmentation, which is a hallmark of cells undergoing apoptosis, was assayed using a previously described method (Herrmann et al., 1994) . The cellular DNA from both non-adherent and adherent cells was harvested, and the DNA fragmentation was evaluated. Compared with mockinfected cells, PHEV-infected cells exhibited slight condensation of their chromatin, with heterogeneous nuclear staining patterns appearing between 48 and 72 h post-infection, almost coincident with the appearance of the CPE, and the DNA "ladder" pattern was apparent at 72 and 96 h post-infection (Fig. 1C) . These results indicate that PHEV infection may trigger apoptosis in PK-15 cells.
To achieve a better understanding of the pathogenesis of PHEV and the relationship between PHEV and the host cells, the process of PHEV-induced apoptosis in PK-15 cells was assessed by fluorescence microscopy and flow cytometry, as described previously (Chen et al., 2008) . Infected and mock-infected cells were harvested by trypsinization and washed twice with cold phosphate-buffered saline (PBS) (0.15 mol/L, pH 7.2). The cells were stained with annexin V-fluorescein isothiocyanate (annexin V-FITC) and propidium iodide (PI) and then examined by fluorescence microscopy to distinguish and quantitatively determine the percentage of dead, viable, apoptotic and necrotic cells after PHEV infection. The different labeling patterns obtained using this assay enabled us to identify the different cell populations: live cells (annexin V-FITC negative/PI negative), early apoptotic cells (intact cell membranes: annexin V-FITC positive/PI negative) ( Fig. 2A.I) , late apoptotic/necrotic cells (cell membrane not intact: annexin V-FITC positive/PI positive) ( Fig. 2A .II) and dead cells (annexin V-FITC negative/PI positive) ( Fig. 2A.III) . In addition, a flow cytometry was performed using a FACS Canto II flow cytometer (Becton Dickinson, Mountain View, CA, USA) with an excitation of 488 nm. As shown in Fig. 2B and C, the percentage of early apoptotic cells increased with the infection time until reaching a maximum of 37.8% at 72 h post-infection, and the proportion of late apoptotic cells increased from 2.54% at 0 h to 15.9% at 72 h post-infection. A high level of early apoptosis was detected at 72 h post-infection, and a high level of late apoptosis was detected at 96 h post-infection, whereas a basal level of apoptosis and necrosis was observed in the mockinfected control population. Our previous research revealed that the CPE became obvious after 72 h post-infection and that the TCID 50 reached a maximum at 96 h post-infection, which is consistent with the results obtained in the present study (Lan et al., 2012a,b) . Therefore, it seems likely that the CPE of PHEV infection is caused by apoptosis. Further experiments are needed to define the intracellular events that trigger the apoptotic response during PHEV infection.
Caspases are cysteine proteases that play fundamental roles in the apoptotic responses of cells to different stimuli. To gain insight into the mechanism of PHEV-induced apoptosis, the activities of caspase-3, caspase-8, and caspase-9 were determined using caspase-3, -8 and -9 activity assay kits. Briefly, PK-15 cells were collected by trypsinization and rinsed twice with PBS. The lysate was centrifuged for 15 min at 20,000 × g at 4 • C. The protein concentration in the supernatants was determined using the Bradford method with bovine serum albumin (BSA) as a standard, and 0.1 mg of total protein was used for each caspase activity assay, with Ac-DEVD-pNA, Ac-IETD-pNA, and Ac-LEHD-pNA as the substrates for caspase-3, caspase-8, and caspase-9, respectively. Then, the absorbance at 405 nm (OD 405 ) was read using a 96-well plate reader after incubation for 4 h at 37 • C (Wang et al., 2010) . An increase in the OD 405 indicated the activation of caspase-3, -8, and -9.
Caspase-3 is a major effector caspase in both the extrinsic and intrinsic apoptotic pathways acting on enzymes that are indispensable for chromatin condensation and DNA fragmentation (Duprez et al., 2009 ). Caspase-3 activity was first observed in PHEV-infected cells 48 h post-infection and reached a maximum at 96 h postinfection (Fig. 3A) . Based on these results, it was concluded that PHEV infection of PK-15 cells induces apoptosis through activation of the effector caspase, caspase-3. Furthermore, the activities of caspase-8 and caspase-9, which are representative initiator caspases in the death receptor-mediated and mitochondrial apoptotic pathways, respectively, were also measured based on their cleavage of luminogenic substrates. The caspase-8 and caspase-9 activities were increased in PHEV-infected cells at and after 24 h post-infection, and maximal increases were observed at 96 h postinfection and 48 h, respectively, as shown in Fig. 3B and C, (1.6-fold and 2.0-fold increases in activity, respectively, when compared with those of mock-infected cells). These results suggested that PHEV can induce caspase dependent apoptosis in PHEV cells via both the death receptor-mediated and mitochondrial apoptotic pathways. However, the activation of the initiator caspase-8 can also be related to the mitochondrial apoptotic pathway via cleavage of Bid (a member of the proapoptotic Bcl-2 family) and translocation of the truncated Bid to mitochondria (Wang et al., 1996) . In some coronaviruses, both initiator caspases are activated in the course of apoptosis; the Fas-signaling pathway in which both initiator caspases are activated via cleavage and translocation of Bid was suggested as the mechanism of apoptosis, particularly in MHV infection (Eleouet et al., 2000; Liu et al., 2006; Liu and Zhang, 2007) . Therefore, it was speculated that PHEV also induces apoptosis via a caspase-dependent pathway that may be activated by an interaction between virus protein and cell surface signaling factors with participation of both the death receptor-mediated and mitochondrial apoptotic pathways. However, further investigations that will focus on the kinetics of signal transduction factors are necessary to clarify the detailed mechanisms of PHEV-induced apoptosis.
To determine whether inhibiting apoptosis would abrogate PHEV-induced cell death, PK-15 cells were treated with the general caspase inhibitor, N-benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone (Z-VAD-FMK) (80 M) for 2 h prior to, simultaneously with, or 1 h after infection with PHEV at 400 TCID 50 (10 4.49 ). Cells treated with DMSO were used as the controls. To confirm that Z-VAD-FMK inhibited the caspase activity in infected cells, colorimetric assay was performed. The mean optical density (OD 405 ) in case of Z-VAD-FMK treated and infected cells showed significant difference (**P < 0.01) from that of PHEV infected alone at 96 h post-infection, and then there was no significant difference among Z-VAD-FMK treated, Z-VAD-FMK treated and infected, DMSO-treated or mock-infected cells suggesting the inhibition of caspase activity in infected cells (Fig. 4A) (Slee et al., 1996) . The progress of the infection-induced morphological alterations was monitored by light microscopy. The CPE was delayed in cells that were infected and treated with Z-VAD-FMK, compared to cells that were only infected. The monolayer of cells that were only infected with the virus was destroyed by 96 h post-infection, as expected, whereas at this time, few of the infected and Z-VAD-FMKtreated cells had detached from the monolayer (Fig. 4B) . However, the CPE was not completely abolished in the Z-VAD-FMK-treated infected cells; a few rounded cells still attached to the substrate. In addition, PK-15 cells treated as described above were stained with annexin V-FITC and PI and analyzed by flow cytometry. The broad-spectrum pan-caspase inhibitor Z-VAD-FMK significantly protected the PK-15 cells from Z-VAD-FMK-induced apoptosis at 96 h post-infection, resulting in a 40% reduction in the level of apoptotic cells compared to that of untreated infected cells (Fig. 4C ). To exclude that this finding was an effect of altered viral replication due to Z-VAD-fmk treatment, virus-titers of PHEV-infected 400 TCID 50 (10 4.49 ) and treated with 0, 25, 50 and 80 M Z-VAD-fmk were compared. Z-VAD-FMK did not affect the virus titers obtained from PHEV-infected PK-15 cells at 96 h post-infection (Fig. 4D) , and hemagglutination assay (HA) was performed to present a kinetics of infection to show that there is no effect of Z-VAD-FMK on viral replication (Vlasak et al., 1988 ) (data not show). In short, these results suggest that PHEV-induced apoptosis may be caspase dependent and apoptosis is not essential for PHEV replication in vitro and mechanisms other than apoptosis may contribute to the overall CPE caused by PHEV replication in PK-15 cells.
In summary, this report demonstrated that PHEV induced apoptosis via a caspase-dependent pathway. However, the detailed mechanisms of caspase activation, more work about will be needed and further investigation using primary porcine cells are needed to clarify the pathobiological characteristics of PHEV, because the findings from this porcine cell line may not faithfully reflect the in vivo situation.
